We present photometric and spectroscopic observations of 23 high-redshift supernovae (SNe) spanning a range of z ¼ 0:34 1:03, nine of which are unambiguously classified as Type Ia. These SNe were discovered during the IfA Deep Survey, which began in 2001 September and observed a total of 2.5 deg 2 to a depth of approximately m % 25 26 in RIZ over 9-17 visits, typically every 1-3 weeks for nearly 5 months, with additional observations continuing until 2002 April. We give a brief description of the survey motivations, observational strategy, and reduction process. This sample of 23 high-redshift SNe includes 15 at z ! 0:7, doubling the published number of objects at these redshifts, and indicates that the evidence for acceleration of the universe is not due to a systematic effect proportional to redshift. In combination with the recent compilation of Tonry et al. (2003), we calculate cosmological parameter density contours that are consistent with the flat universe indicated by the cosmic microwave background (Spergel et al. 2003) . Adopting the constraint that total ¼ 1:0, we obtain best-fit values of ð m ; Ã Þ ¼ ð0:33; 0:67Þ using 22 SNe from this survey augmented by the literature compilation. We show that using the empty-beam model for gravitational lensing does not eliminate the need for Ã > 0. Experience from this survey indicates great potential for similar large-scale surveys while also revealing the limitations of performing surveys for z > 1 SNe from the ground.
INTRODUCTION

Searching for Cosmological SNe Ia: Past and Future
It has now been over 5 years since the announcements by the High-z Supernova Search Team (Riess et al. 1998) and Supernova Cosmology Project (Perlmutter et al. 1999 ) of evidence for the acceleration of the expansion of the universe and the inferred presence of a nonzero cosmological constant. Since the implications of this result are so profound for cosmology and our understanding of fundamental physics, it has been the subject of intense scrutiny from several different directions with attempts to test for further confirmation or any sign of problems.
One goal of the immediate follow-up work was obtaining better measurements of low and moderately high redshift (z < 0:5) Type Ia supernovae (SNe Ia) to increase the confidence in their use as standard candles for cosmological purposes. Near-IR observations (Riess et al. 2000) showed no evidence for extragalactic dust in a single SN Ia at z % 0:5, and spectra of a separate object at a similar redshift (Coil et al. 2000) compared very closely with nearby SNe Ia, showing no sign of spectroscopic evolution. Sullivan et al. (2003) demonstrated that host galaxy extinction is unlikely to cause the observed dimming of high-redshift SNe, by comparing Hubble diagrams as a function of galaxy morphology (see also Williams et al. 2003 for a discussion of host galaxy-SNe correlations). However, Leibundgut (2001) presented evidence that distant SNe Ia are significantly bluer than the nearby sample, possibly indicating photometric evolution that could bedevil analyses that assume that color corrections can be made based on comparison to local SNe Ia.
There have also been continued attempts to discover SNe at even higher redshifts. An extreme case is the serendipitous reimaging in the Hubble Deep Field of SN 1997ff (Riess et al. 2001) , which added intriguing evidence for an earlier period of deceleration, with the caveats that it is only a single object and potentially gravitational lensed (Benitéz et al. 2002) . The sample size of high-z objects has been substantially augmented by recent campaigns described by Tonry et al. (2003;  eight SNe Ia between 0:3 < z < 1:2), as well as Knop et al. (2003; 11 SNe Ia between 0:36 < z < 0:86).
The ability to discover large numbers of high-redshift SNe with reliability was made possible by the development of widefield cameras with large-format CCDs on large telescopes. Observing time on these instruments is extremely precious, and standard practice is to obtain time for a template observation, followed some weeks later by a second epoch from which to subtract the first epoch and thus detect SNe (see Schmidt et al. 1998 ). The observations necessary to obtain a complete photometric light curve of confirmed SNe Ia are then made with other telescopes that can target individual objects and on which access to time is somewhat less competitive. Spectroscopic confirmation that a candidate is indeed an SN Ia requires significant time on 8-10 m class telescopes, and the amount of such time that can be obtained is often the limiting factor for SN surveys.
The coming years will see a tremendous increase in the number of astronomical surveys taking advantage of the ability of these wide-field imaging cameras to cover large regions of sky. In a new twist, these surveys will observe large areas repeatedly in order to explore the astronomical time domain in unprecedented ways. This will allow better understanding of a wide range of transient objects such as asteroids, microlensing events, active galactic nuclei (AGNs), and SNe, as well as potentially unveiling previously unknown time-variable phenomena.
This trend has already begun to a limited extent with such projects as the Deep Lens Survey (Wittman et al. 2002) and Sloan Digital Sky Survey (York et al. 2000) , which in late 2002 began repeat coverage of certain fields in order to search for variable objects (Miknaitis et al. 2002) . Among other surveys underway is ESSENCE 17 (Smith et al. 2002) , a 5 yr program to discover hundreds of SNe Ia over a wide redshift range (0:2 < z < 0:7) in order to measure the cosmological equation of state. The exploration of the wide-field, temporal-variability domain is scheduled to culminate with truly massive undertakings such as the CFH Legacy Survey 18 and PanSTARRS 19 (Kaiser et al. 2002) . The Hubble Space Telescope (HST ) has also recently entered the fray with the Advanced Camera for Surveys (ACS; Ford et al. 1998) , giving it wide-field capability. Several objects have been discovered through observations of the Hubble Deep Field-North (Blakeslee et al. 2003) , and in late 2002 a campaign was begun to discover SNe out to the redshift z % 1:7 through strategic placement of GOODS survey observations (Riess 2002) , already yielding numerous objects (Riess et al. 2004) . Finally, the extreme of aspirations is the proposed Supernova/Acceleration Probe (SNAP; Nugent 2001), a satellite mission specifically designed to discover and monitor huge numbers of SNe Ia out to z % 1:7.
The IfA Deep Survey
Beginning in 2001 September, a collaboration of astronomers from the Institute for Astronomy (IfA) at the University of Hawaii-Manoa (UH) undertook the IfA Deep Survey, using wide-field imagers atop Mauna Kea, Hawaii. This project imaged 2.5 deg 2 in multiple colors (RIZ ) roughly every 2-3 weeks for approximately 5 months, with observations continuing until 2002 April. The major motivation for separating the individual nights in this manner was to discover and follow large numbers of high-redshift SNe. The survey was designed to accommodate investigations of a wide range of scientific goals, including searches for substellar objects, galactic structure studies, variable object searches (particularly SNe), and galaxy clustering studies. Preliminary analysis of survey data has already yielded at least one substellar object (Liu et al. 2002) and scores of both high-redshift SN (Barris et al. 2001a (Barris et al. , 2001b (Barris et al. , 2001c (Barris et al. , 2001d (Barris et al. , 2002c Barris, Chambers, & Liu 2002b) and brown dwarf candidates (Graham 2002; E. L. Martín et al. 2004, in preparation) .
The novel feature of this campaign was the use of survey observations to follow SNe Ia, as well as find them. No prior SN campaign has been performed in this manner. At the beginning of any survey, many SNe will be discovered well past maximum light, which will not be suitable for cosmological studies. Similarly, SNe that are discovered before or at maximum light at the end of the survey will not have sufficient follow-up observations to be useful. However, all of the SNe discovered in the middle of a continuous survey will have observations on the rising portion of the light curve, as well as far into the decline, giving sufficient coverage for light-curve fitting and hence distance determination.
In this paper we describe the IfA Deep Survey and data reduction, as well as results from the SN search. In x 2 we describe the survey observations. In x 3 we give a brief description of the pipeline data reduction process, which produces the final images to be used by all the collaborators. In x 4 we describe the SN search. In xx 5 and 6 we discuss the distance measurements and cosmological analysis, and in x 7 we give our conclusions.
OBSERVATIONS
Survey Science Observations
For most of the scientific goals of the IfA Deep Survey, the primary concern was overall survey depth. The most important factors for the SN search component were sufficient depth on individual nights to detect high-redshift SNe and separation of the nights so as to allow for continual detection and follow-up throughout the duration of the survey. The primary instruments used were Suprime-Cam (Miyazaki et al. 1998 ) on the Subaru 8.2 m telescope and the 12K camera (Cuillandre et al. 1999 ) on the Canada-France-Hawaii 3.6 m Telescope (CFHT).
The survey strategy was designed to provide for the discovery and follow-up of 10-25 SNe Ia with 0:9 < z < 1:2 in order to distinguish whether the evidence from SNe Ia at lower redshift for an accelerating universe could actually be due to a systematic effect proportional to redshift rather than an indication of a nonzero cosmological constant. The rates of highredshift SNe are still quite uncertain (see Pain et al. 1996 Pain et al. , 2002 Tonry et al. 2003) , but the rate of SNe Ia in our desired redshift range is approximately 2-5 deg À2 month À1 , depending on when the individual images are taken. The peak brightness of an SN Ia at z ¼ 1:2 is about I ¼ 24:3 and Z ¼ 23:6, so each survey night was designed to provide a signal-to-noise ratio (S/ N) of 11 in I band and 7 in Z band at these magnitudes, assuming 0B75 seeing. This is a bit less S/N than ideal for Z band, but some observations were taken with much better seeing that went deeper (and conversely, some were taken with worse seeing and therefore went shallower). In addition, the R-band images, designed for S=N ¼ 10 per observation, can be used to help distinguish SNe Ia from SNe II, based on the redder color of high-redshift SNe Ia (see x 4.3).
Fields and observational cadence were chosen to meet the necessary requirements of all the scientific programs. Primary considerations included a spread in right ascension to allow for continuous observation throughout a single night over several fall and winter months from Mauna Kea; low Galactic extinction; and whether previous observations, in the same or other wavelength regions, could be used to augment the scientific objectives. Five 0.5 deg 2 fields were chosen for the survey. Central coordinates of the selected fields are given in Table 1 . The field at 02 h 27 m (field 0230) was previously used for highredshift surveys by the High-z Supernova Search Team (see Tonry et al. 2003) . Field 0848 was chosen to overlap with previous radio observations, and field 1052 (the ''Lockman Hole''; see Lockman, Jahoda, & McCammon 1986 ) was chosen for a wide range of prior multiwavelength studies (X-ray, Hasinger et al. 1993; radio, de Ruiter et al. 1997; Ciliegi et al. 2003; IR, Taniguchi, Kawara, & Matsuhara 1999; Fadda et al. 2002) .
The 12K camera consists of twelve 2048 Â 4096 pixel CCDs, with a field of view (FOV) of 45 0 Â 30 0 (0.375 deg 2 ) and a pixel scale of 0B206 pixel À1 . Survey fields were observed with a Mould I filter, a central wavelength of 8223 Å , and a width of 2164 Å .
The Suprime-Cam instrument, consisting of a mosaic of ten 2048 Â 4096 pixel CCDs, covers a 34 0 Â 27 0 FOV (0.255 deg 2 ) and has an image scale of 0B20 pixel À1 . The survey fields were observed with Suprime-Cam with Cousins R and I and Subaru Z filters. The Z filter at Subaru has an effective wavelength of 9195 Å and FWHM of 1410 Å (Fukugita et al. 1996) . Each of the five fields was covered by two overlapping Suprime-Cam FOVs. The central coordinates for the pair of Suprime-Cam pointings for each field are given in Table 1 Fig. 1 for an illustration).
The bulk of the survey took place over eight full nights and five half-nights with Suprime-Cam on Subaru from 2001 October through 2002 April. Target fields were also observed between 1 and 5 times with queue-scheduled observations with the 12K at CFHT. Not all nights were photometric, and exposure times occasionally varied depending on conditions. A summary of observations, including date, exposure time, and mean seeing value, is given in Tables 2 (CFHT 12K) and 3 (Suprime-Cam).
Exposure times were chosen to achieve approximately the same survey depth in the three filters, although the required exposure times for Z were impractically long, and so this filter did not go as deep as R and I. The long readout time for Suprime-Cam was also a major factor. For a typical night, 5 point-source sensitivities were roughly 25.8 in R, 25.2 in I, and 24.2 in Z. When the entire survey is combined, the 5 point-source depth of the summed images is approximately 27.3 in R, 26.7 in I, and 25.6 in Z, varying from field to field as a result of differences in integration time and seeing conditions on nights when a particular field might be more heavily represented. See Figure 2 for a comparison of the depth and area coverage of the IfA Deep Survey with several other recent surveys, illustrating where this survey lies in area versus sensitivity parameter space.
Astrometric Observations
In addition to the survey science observations, we also obtained shorter exposures in order to construct astrometric catalogs of the target fields. These observations, taken with the CFHT 12K camera, were 120 s in all bands (Mould R, Mould I, Z ). One advantage of these shorter images is that they create a photometric overlap with an external reference, the USNO-A2.0 catalog (Monet 1998) , 20 since the much deeper science images discussed in the previous section do not contain any nonsaturated stars from this catalog. The images of each field were taken with half-CCD offsets to determine astrometry over the entire survey area. Object detection software was run on the astrometric images ( findpeaks from the IMCAT package) 21 to construct a catalog of objects to register with the USNO-A2.0 catalog. Solutions for image mapping parameters were then obtained using a process developed for weak-lensing studies (see Kaiser 2000 for a detailed mathematical description of the method and Kaiser et al. 1999 for a more practical summary). Stars brighter than m % 21 are identified in the astrometric images, as well as the USNO-A2.0 catalog, and a large matrix equation mapping CCD coordinates to sky tangent plane coordinates is fitted by a cubic polynomial. We then iterate until the process converges, rejecting outlying points after each step. Great care was needed so as not to mistakenly reject large groups of stars in a given region that may show a systematic offset due to a single problematic star.
After achieving an acceptable solution (typically requiring four to six iterations), more sensitive object detection was run on the astrometric images to augment the catalog with stars faint enough to overlap with the much deeper science images. Going deeper means that many objects in the reference catalog will be faint galaxies rather than stars, but since they are stellar in appearance, they are still suitable for astrometry.
The end product of this process was a catalog of stars with extremely accurate relative astrometry (to a fraction of a pixel, i.e., better than 0B1), extending to very faint magnitudes (m % 22 for R, I and m % 21 for Z ). The catalogs range in size from about 4000 stars for fields 0230, 0848, and 1052, to 7000 for field 0438, to more than 9500 for field 0749, which is at a lower Galactic latitude than the other fields.
Photometric Observations
Photometric observations were obtained at the CTIO 1.5 m and UH 2.2 m telescopes. Landolt standards (Landolt 1992) and spectrophotometric standards, which have Landolt magnitudes and synthetic Z magnitudes, were observed in BVRIZ (Johnson BV, Cousins RI, and Z as described in Tonry et al. 2003) to set the magnitude scale of the survey target fields.
Flux measurements for the standard stars were calculated using 14 00 diameter aperture magnitudes of isolated local standards in each field. For each night and filter an atmospheric extinction coefficient and a color term were calculated. This fit to air mass and color typically showed a scatter of 0.02 mag, as a result of the usual difficulties of data reduction: sky errors, flatfielding imperfections, atmospheric transparency variations, CCD nonlinearity, shutter timing errors, and variations due to point-spread function (PSF) or scattered light.
Our Z-band observations were calibrated by observing a series of Landolt stars, whose magnitudes were derived by integrating their spectrophotometry (N. B. Suntzeff 2004, in preparation) with our bandpass defined by the CTIO natural system. This system is defined to have ðV ÀZÞ ¼ 0 for Vega. The astrometric catalogs described above have accurate relative photometry, and the CTIO 1.5 m and UH 2.2 m observations allowed us to put them on an accurate absolute scale. Calibration of the 0230 field was described by Tonry et al. (2003) , wherein cross-checks with the Sloan Digital Sky Survey (SDSS; Stoughton et al. 2002) indicate an accuracy as good as the SDSS zero-point uncertainty of 0.04 mag.
PIPELINE REDUCTIONS
Survey science images were initially reduced using a reduction pipeline created specifically for this purpose at the IfA. The majority of the pipeline consisted of custom scripts using the Vista image display and manipulation software. The search for high-redshift SNe was a time-critical mandate for the reductions, so the pipeline was designed to be as efficient as possible. Initial processing took place as soon as the data were received via FTP from the telescope. A second processing, free of time pressures and with slight modifications, was performed after the conclusion of the survey.
The images were first bias subtracted using a median value from pixels in the overscan region of each chip. For the Subaru data, a median superflat image was constructed from all the images for a given chip and filter from the entire night. Images were flattened by dividing by this superflat. For the CFHT 12K images, dome flats were used to flatten the data, and a fringe frame was constructed from the entire night. The images were flattened by the dome flat image, and the fringe frame was subtracted. The Suprime-Cam observations had small enough fringing (less than a few percent) that division of the fringe light instead of subtraction did not significantly affect photometry. Bad pixels and other chip defects were removed using a mask created at the start of the campaign, which proved to be sufficient for the entire survey. Any remaining tilt in the sky was subtracted, and the sky was normalized to a value of 1000 for ease of software compatibility.
The flattened images were then mapped to the astrometric catalogs of the survey fields through detecting (via SExtractor) and matching stars (using a similar process as described for the astrometric observations, although now the custom-made astrometric catalogs were the reference, rather than the USNO-A2.0 catalog). Using these astrometric solutions, the images were warped onto a predefined coordinate system on a sky tangent plane. The final postwarp images used a pixel scale of 0B20 pixel À1 , which is similar to both Suprime-Cam and CFHT 12K. The warping process conserves flux and uses a Jacobian to restore photometric accuracy lost by flat-fielding. Since dividing by the flat field in the prewarp stage equalizes surface brightness regardless of geometrical distortion of pixel area and our warping conserves flux rather than surface brightness, the Jacobian is necessary for accurate photometry.
At this point cosmic-ray (CR) rejection was done and the images combined. Performing CR rejection at this stage has the drawback of decreased sensitivity due to smearing of the CRs during the warping; thus, many were not removed. For the goal of discovering SNe, this was not an insurmountable problem, as individual dithers contributing to the final image of a candidate could be inspected. In the second processing, performed after the conclusion of the survey, the CR rejection was performed before, rather than after, the warping stage. Images were registered by adaptively finding subimages for which integer pixel shifts gave sufficiently close registration, and CR rejection was performed after the processing steps of flattening, pixel masking, etc. This resulted in a significant improvement in the removal of CRs. After the CR rejection, the warping was performed with CR masked pixels treated the same as other bad pixels.
SUPERNOVA SEARCH
Supernova Discovery
In order to perform the SN search, previous I observations were subtracted from each new set of images to detect photometrically variable objects. Because our first set of observations, in 2001 September, were taken with the CFHT 12K, subtractions from our first Subaru+Suprime-Cam nights in October could only be done over the area in common with both telescope FOVs (the central 0.375 deg 2 of the 0.51 deg 2 covered by SuprimeCam). In subsequent months we possessed a complete set of templates that allowed for searching of the entire survey area.
Subtractions were performed largely in the same manner as for previous SN searches (see Schmidt et al. 1998; Tonry et al. 2003) . New software was written (A. Becker et al. 2004, in preparation) , slightly modifying the algorithms of Alard (2000) and Alard & Lupton (1998) based on insights gleaned from searches for microlensing, as well as past SN campaigns. Pairs of observations to be subtracted were compared to determine the worse seeing night, with the better night then convolved to match PSFs. Flux levels were matched and the images subtracted.
Two independent automatic search algorithms were run on the subtracted images to detect variable sources. The images were divided into regions 7 0 on a side for ease of searching, and in a typical such region several dozen variable sources were detected. Approximately half of these were false positives, such as diffraction spikes around saturated stars or filter mismatches between CFHT and Subaru. A large number were variable stars and AGNs, which are typically distinguished from SNe by being a small fluctuation centered on a constant point source. All subtractions were searched visually by at least one person, aided Williams et al. 1996) .
by the automatic algorithms. In addition to the many false positives, the automatic detection programs missed some faint SNe but in general seemed to do a respectable job finding objects when compared to well-trained searchers. After the initial search was completed, candidate SNe were inspected by an additional observer. The constituent images (typically a single I-band observation was comprised of three separate dither positions) were also examined to weed out CRs and moving objects.
Ideally, the fact that we had observations in three filters would have been extremely useful in distinguishing between SNe Ia and SNe II based on the difference in color at early times (at high redshifts, SNe II are much bluer than SNe Ia in RIZ ). In practice, however, reducing and searching the I-band data alone consumed all available resources. Upon further inspection of the IfA Deep Survey observations, we should be able to provide an excellent assessment of whether theoretical photometric discriminatory tests (see Poznanski et al. 2002) are actually useful for real-world surveys. We have already begun to use them for the purposes of augmenting our sample, as described in x 4.3.
Our continuous search strategy did enable us to attempt to differentiate between the types of SNe based on the shape of their early light curve. SNe II have extremely heterogeneous light curves (see Leibundgut & Suntzeff 2003 and references therein). One major subclass, SN II-P, exhibits a very short rise to maximum light, followed by a plateau in brightness. After a detection we were usually able to compare with an observation made a week or two previously. Quite often the SN was present in this prior epoch but faint enough that it was not detected by our searchers, indicating a gradual rise and hence a likely SN Ia rather than an SN II. Alternatively, if the object was not present at all in this previous epoch, it was more probably an SN II or an SN Ia at a much lower redshift.
After this rigorous inspection process candidates were prioritized and forwarded to the spectroscopic observers, who were usually already waiting at the telescope.
Spectroscopic Observations
Although the continuous nature of the IfA Deep Survey naturally provided for photometric follow-up of SN candidates, guaranteeing successful spectroscopic follow-up was still problematic. The only possibility for SN surveys is to rely on time allocation committees to schedule observing nights a few days after the photometric search observations and hope that SN candidates for spectroscopy will be ready in time.
Complications can arise from many uncontrollable issues: the photometry night may have poor conditions, the searchers may encounter hardware and/or software problems, the timing between photometric and spectroscopic nights may end up being too short, among other pitfalls. Despite the difficulty involved, measurement of redshift and identification as an SN Ia is necessary to be able to use a SN for cosmological purposes.
We arranged spectroscopic resources on many telescopes over the course of the IfA Deep Survey, primarily the Keck I and II telescopes, with the VLT also playing a major role, although it was unable to reach our northernmost fields. Additional spectroscopic observations were made with the Magellan telescope, although it was not used for identification of any of the high-z SNe Ia discussed here.
We observed a total of 63 objects spectroscopically during six separate observing runs (four with Keck, in addition to one each with the VLT and Magellan) spaced throughout the duration of the survey. We were also able to observe a small number of SN host galaxies in late 2002 during the first year of the ESSENCE project (Smith et al. 2002) .
Keck II ESI
We obtained spectra of SN candidates with ESI (Sheinis et al. 2002) on the Keck II telescope during two separate observing runs in 2001 October and November. On all nights we used a 1B0 slit for the observations, with a spectral resolution of $1.4 Å . The slit was oriented along the parallactic angle, or to include either the nucleus of the host galaxy or a nearby bright star. Between integrations the target was moved along the slit to reduce the effects of fringing and increase confidence in identifying the SN spectrum. On October 21-22, the seeing was 0B6-0B8. For November 16-18, the seeing was 0B5-0B6 on the first night and 0B7-0B8 on the final two nights. The standard stars BD +17 4708 and BD +28 4211 (Oke 1990 ) were used for flux calibration. Standard CCD processing and optimal spectral extraction were done with IRAF, with our own IDL routines used to calibrate the wavelengths and fluxes of spectra and to correct for telluric absorption bands.
We also obtained spectra with ESI on 2002 November 6 during ESSENCE project observations in order to measure additional redshifts of host galaxies. Seeing was 0B8-0B9, and observational setup and reduction were the same as described for the 2001 nights.
Keck I LRIS
Additional spectra of SN candidates were obtained with LRIS (Oke et al. 1995) on the Keck I telescope during two separate observing runs in 2001 December and 2002 January. On December 22, the seeing was approximately 1 00 , with high cirrus. On January 16-17, the seeing was 1B1-1B8 on the first night and 2 00 -3 00 on the second night. We used a 1B0 slit for the observations. The spectral resolution is $6.2 Å for the red end (6500-10000 Å ) and 9.2 Å for the blue (3300-6900 Å ). Between integrations we moved the target along the slit for the reasons described above. In December standard star BD +17 4708 (Oke & Gunn 1983 ) was used for flux calibration, while in January standard stars BD +17 4708, BD +26 2606, and BD +28 4211 (Oke 1990) were used. As with the ESI observations, we used IRAF for standard CCD processing and spectral extraction and IDL for calibrating the wavelengths and fluxes of spectra and removing atmospheric absorption bands. We used the 300/5000 grism on the blue side over the range 3300-6900 Å , which was matched to the D680 dichroic. On the red side, we used the 400/8500 grating over the wavelength range 6500-10000 Å . Typically the two sides were tied together over the range 6500-6600 Å . There were any number of anomalies in the overlap range, which were minimized as much as possible, but some complications were unavoidable. Specific problems encountered included (1) second-order light on the blue side, (2) wavelength-dependent time variations in the dichroic, and (3) reflections from bright stars landing on targets on the blue side. We were able to work around the second-order blue light in our standard stars and ignore it in our objects (which are red). We also corrected for the variations in dichroic transmission to the red side, but not in the reflectance to the blue side. There is an increase in noise, and possible spurious features exist near the overlap region.
VLT FORS
We also obtained spectra of SN candidates with FORS1 on the VLT during an observing run on 2001 December 13 and 14. On December 13, the seeing varied from 0B7 to 1B8. On December 14, the seeing changed rapidly from %0B7 to 1B3 until heavy clouds moved in midway through the night, so that most of the subsequent data did not have enough signal for analysis. We used a 1B0 slit for all observations, with a 300 line mm À1 grating. The slit was oriented to include the nucleus of the host galaxy. FORS1 is mounted behind an atmospheric dispersion compensator, and we do not expect any wavelength-dependent effect due to the setting of the slit at an angle different from the parallactic angle. Between integrations the target was moved along the slit to reduce the effects of fringing and for ease of identifying the SN spectrum. During the night of December 13 we observed EG 21 and LTT 3218 as spectroscopic standards (Hamuy et al. 1992 (Hamuy et al. , 1994 at the beginning and end of the night, respectively.
The spectra were first corrected by bias subtraction and division by a dome flat. The wavelength scale was established through calibration observations of an HeCuAr lamp observed during the afternoons before and after the observations. The wavelength solution was then verified against night sky lines. The extraction of the spectra was carefully done to control the contamination by the underlying host galaxies. The spectra were then flux calibrated using the sensitivity functions derived from the standard stars.
Supernova Classification
SNe Ia are defined by the presence of Si ii k6355 and Ca ii H+K kk3934, 3968 and typically show numerous broad undulations in their spectrum (see Filippenko 1997) . For the redshifts targeted during this survey, the Si ii line was not observable with visible spectroscopy, although we often could identify the Ca features, 4000 Å break, and other SN Ia features. Among the features that may be used to uniquely identify an SN Ia when Si ii is not observed is the doublebump feature near 4000 Å created by the combination of Fe ii k4555 and Mg ii k4481. Typically the redshift was measured through host galaxy emission, most often the [O ii] doublet at kk3726, 3729. This doublet is often unresolved by many instruments and so appears as a single prominent feature, which in many cases could be interpreted as [O ii] at high redshift or H at low redshift. One means of distinguishing between these choices is the brightness of the host galaxy. Another is that H is likely to be accompanied by such lines
, so the lack of these other features indicates that [O ii] is more likely. The ability to resolve this doublet will remove all doubt, and this was one advantage of using ESI, with its much greater resolving power compared to LRIS for spectroscopic observations (note the values for each instrument given in xx 4.2.1 and 4.2.2).
SNe were identified by matching spectral features with those of SNe Ia through a program called SNID (J. L. Tonry 2004, in preparation) , which cross-correlates an observed spectrum against a set of template spectra to determine the SN type, redshift, and age. SNID uses a set of 171 template spectra that span a large range of SN Ia properties (a small number of templates for other types of SNe are also used, although the diversity of SNe Ib/c and SNe II makes their usefulness more limited than for the relatively homogeneous SNe Ia). The best matches are reported in terms of a correlation value r. Comparisons at very different redshifts may require trimming the spectrum to varying degrees, and so SNID weights the correlation value by the amount of overlap between the spectrum and template (abbreviated ''lap''), producing a parameter r Â lap, which is used to determine which template matches are of highest significance. Table 5 and images shown  in Figures 3 and 4. Tables 6 and 7 give information on the redshift determination and SNID analyses, respectively. Nine objects are identified as unambiguous SNe Ia, meaning that they produce a strongly significant best-fit SNID correlation value at the same redshift as indicated by their host galaxy emission lines. The exception is SN 2002ad, for which the best SNID value is at z % 0:77, while the second most likely value is z ¼ 0:514, which agrees with the host galaxy emission. However, the match at z ¼ 0:765 is with a template from just past maximum light, whereas the z ¼ 0:514 match is at nearly 2 weeks past maximum, agreeing with the light curve. We therefore include SN 2002ad as an unambiguous SN Ia at the host galaxy redshift. Spectral matches for these nine SNe Ia as determined by SNID are shown in Figure 5 . Note the presence of Si ii k6355 in SN 2001iv and SN 2001iw and evidence of the double peak at $ 4000 Å in the other seven SNe, indicating that these are indeed SNe Ia.
The remaining 14 objects are divided into two groups: 11 with host galaxy redshifts that do not correspond to a strong SNID match, and three for which there is a significant SNID correlation with an SN Ia template but no host galaxy emission with which to compare. Of the group of 11, four (SN 2001fo, SN 2001hs, SN 2002W, SN 2002X) have peak values of r Â lap > 3:0 and so, based purely on SNID correlation values, appear to be as strong SN Ia candidates as SN 2002ad. The spectral matches are not convincing, however, and we are unwilling to accept these fits as significant (contamination of a spectrum by galaxy light often makes it impossible to clearly discern SN features, so they are still possible SNe Ia). One of the 11 objects (SN 2001jn) was observed in 2002 November, long Figure 6 . However, SNID often produces a series of correlation peaks at discrete redshifts, as a result of successively matching different features in the spectrum of an SN Ia with alternate template features at different redshifts.
Because of this ambiguity, we are unwilling to state purely on a spectroscopic basis that these objects are SNe Ia at the quoted redshift. Inspired by our substantial high-quality photometric information, we have pursued further investigations to determine whether they may be added to our sample with confidence that they are indeed SNe Ia. A first test of these additional objects is to compare their photometric observations with what one would expect from various types of SNe at the measured redshift. SNe Ia have been subjected to sufficient scrutiny in recent years that there is a good understanding of their general properties and a large number of well-observed objects. We have used two examples to demonstrate the breadth of parameter space that SNe Ia can be expected to cover: SN 1995D (Riess et al. 1999a ) is a bright SN Ia, with Á ¼ À0:42 as measured by Riess et al. (1998) and Á ¼ À0:44 from the MLCS method from this paper (see x 5.1); and SN 1999by is one the most subluminous SNe Ia ever observed (Garnavich et al. 2003) . At redshift z > 0:8, objects such as SN 1999by will be too faint for detection at the m % 24:3 I-band sensitivity of our survey, but it can still serve as an illustrative limiting case for faint SNe Ia.
SNe II are more difficult because they are a less uniform population than SNe Ia (see Leibundgut & Suntzeff 2003) . We have selected single spectroscopic observations of SN 1998S (Lentz et al. 2001; Leonard et al. 2000) and SN 1999em (Baron et al. 2000; Leonard et al. 2002) to serve as our templates. SN 1998S is an SN IIn that was observed at maximum brightness, and SN 1999em is an SN II-P that was also observed near maximum. These two objects can only begin to describe the vast diversity of SNe II and were chosen primarily for their extensive spectral coverage into the UV.
These templates allow us to determine the expected photometric colors as a function of time for the various classifications of SNe. Figure 7 shows RÀZ as a function of time relative to maximum brightness for 17 of the IfA Deep Survey SNe, divided into redshift bins of 0.1, from z ¼ 0:60 to 1.0. Contours indicate the expected evolution of the two SN Ia templates at these redshifts. For the SNe II, we calculated RÀZ boundaries of each redshift range for both of the templates and inflated each color region by 0.15 mag to allow for evolution and uncertainty in the true dispersion of the population. The times relative to maximum are calculated using light-curve fits from x 5.1.
The IfA Deep Survey SNe, whether spectroscopically confirmed as SNe Ia or not, are all consistent with the contours predicted by the SN Ia templates. Many are not inconsistent with the SN II contours as plotted, however, particularly those at very early times, as well as some at low redshift. For the very highest redshifts, the likely SNe Ia are all far too red by a week past maximum light to be consistent with SNe II. Furthermore, as expected, at higher redshifts the SNe lie along the contours defined by the bright SN Ia 1995D, rather than the subluminous SN 1999by.
These plots do not include contours for SNe Ib/c, as a result of the lack of suitable early-time templates in the UV. SNe Ib/c are typically much fainter than SNe Ia [with a luminosity function as given by Richardson et al. 2002 of M B ðIb=cÞ ¼ À18:04, compared to M B ðIaÞ ¼ À19:46], so we do not expect to be significantly contaminated at high redshift by these objects for the same reasons as for the faint SN Ia 1999by. However, SN Ic 1992ar (Clocchiatti et al. 2000) was potentially one of the brightest SNe of any type ever observed, pointing out the risk in any argument based on the luminosity function. Richardson et al. (2002) further note that five of the 18 SNe Ib/c in their sample (including SN 1992ar) are as bright or brighter than SNe Ia, possibly suggesting a bimodal distribution of faint and bright events.
Since these 14 SNe are all consistent with SNe Ia at the appropriate redshift (although not necessarily inconsistent with other types of SNe), we have decided to continue to include them in our sample. In x 5.1 we mention a goodness-of-fit criterion that was used to further bolster our confidence in their inclusion. When we perform cosmological density parameter calculations in x 6, we do so using our entire sample of SNe discussed here, as well as with only the nine unambiguous SNe Ia.
Discussion of IfA Deep Survey Yield
In x 2 we noted that the IfA Deep Survey was expected to discover and monitor 10-25 SNe Ia in the redshift range of 0:9 < z < 1:2. However, here we have reported only four such objects, with an additional eight at slightly lower redshift (0:8 < z < 0:9). This raises a question that was the subject of much discussion even while the survey was still in progress: Why did we find so few SNe Ia at the highest redshifts?
The first possible answer is that we expected far too many objects as a result of overestimating the rates of SNe Ia at these redshifts. While it is possible that previous surveys with a lower sensitivity have overestimated the SN rate at extremely high redshifts, there have been enough surveys (see Tonry et al. 2003 ) exploring out to high redshifts to indicate that our yield was unexpectedly and anomalously sparse. The continuous nature of the IfA Deep Survey, which has allowed us to augment our yield beyond those spectroscopically confirmed SNe Ia, means that we will be able to re-search the observations and potentially discover SNe that may have been missed during the survey (for example, SNe at the cores of galaxies may be misclassified as AGNs). It will, of course, be impossible to obtain an SN spectrum at this time, but in many cases we should be able to measure a host galaxy redshift, as was done with the 2002 November observation of SN 2001jn. There are several additional potential explanations related to the details of the survey and its implementation. The first of these could be that our survey did not go as deep as we had initially expected. Another possible answer is that we did not do a complete job of discovering SNe that were present in the observations. We did indeed discover z % 1 SNe Ia (objects at this flux level were not difficult to spot), as well as numerous other similar objects that were not spectroscopically confirmed, so we do not feel that either of these explanations is correct. However, in any magnitude-limited survey a luminosity bias must be expected, so it may be that our sample is simply not complete to redshift z % 1 despite our expectations. There are also possible spectroscopic explanations analogous to the above speculations. For SNe at z % 1, at the extreme limits of what can be observed, good luck in both the timing and conditions of spectroscopic nights is crucial for successful observations. These concerns with both the photometric and spectroscopic observations illustrate the extreme difficulty in attempting large-scale surveys for z % 1 SNe from the ground. Even with regular and frequent access to telescopes with the ability to detect such SNe, the vagaries of the atmosphere cannot be predicted in advance. And even when provided with advantageous weather, the exposure times required for spectroscopic confirmation mean that only a small fraction of discovered SNe will be properly observed spectroscopically. The recent demonstration of the ACS grism on HST to obtain an identifiable spectrum of a z ¼ 1:3 SN Ia (Riess et al. 2004) shows that the future of z > 1 SN surveys is undoubtedly in space.
Supernova Light Curves
As discussed by Novicki & Tonry (2000) and Tonry et al. (2003) and expounded upon by B. J. Barris, M. C. Novicki, & J. L. Tonry (2004, in preparation) , we have developed a new method for calculating SN light curves. The classic method for measuring SN fluxes is to obtain a template image, typically either at the start of a campaign (before the SNe to be discovered have exploded) or at the end (often up to a year after the conclusion of the campaign, to ensure that the SN has faded completely), in which the SN will not be present, so that the result of subtracting from an image of the SN will yield the correct flux. If the template actually has a low level of SN flux, the derived magnitudes will be incorrect. If it is necessary to wait up to a year to obtain a template image, there will be a significant delay in producing results. Furthermore, if this template image has poor seeing or low S/ N, it will create large uncertainties in measured flux even if the SN images themselves are of high quality. Our new method, dubbed N ðN À 1Þ=2, collects all observations of a given SN, subtracts every pair of images, and solves a corresponding matrix of flux differences. Novicki & Tonry (2000) demonstrated that this can lead to a decrease in uncertainties by a factor of ffiffi ffi 2 p , as a result of effectively using every image as a template, thus eliminating dependence on a single exposure. Since there is no predefined zero-flux template in the N ðN À 1Þ=2 method, there is an ambiguity in the flux zero point, which creates interesting issues for photometric fitting of SNe that are discussed more in x 5.1.
The light curves for our 23 SNe as calculated via the N ðN À 1Þ=2 method are given in Table 8 . These tables include the date of each observation and the measured flux of the SNe, as well as information from the fits of the data, described below. All flux values are scaled so that Cux ¼ 1 corresponds to m ¼ 25:0, so that magnitudes can be calculated by m ¼ À2:5 log ðCuxÞ þ 25:0: d SNID parameters determined while constraining the redshift to the host galaxy redshift as determined by emission lines. e Nine SNe for which there is unambiguous spectral confirmation by SNID as an SN Ia at the host galaxy redshift. f Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for identification as an SN Ia at the host galaxy redshift.
g Three SNe for which there is clear spectral identification by SNID as an SN Ia, but no host galaxy emission with which to confirm the redshift. This is, of course, not properly defined for values of flux less than 0, which indicate the lack of a detection in the given observation.
Uncertainties in magnitudes can be calculated directly from the uncertainties in flux according to the formula ðmagÞ ¼ 2:5 log ½1 þ ðCuxÞ=CuxÞ;
although these values will not be precise, as the uncertainties in magnitude are not symmetric as a result of the logarithm operation.
HST Photometric Observations
Our HST Cycle 10 allocation allowed us to obtain light curves of several SNe with WFPC2 using the F850LP filter. Since the IfA Deep Survey involved five different field positions, we could not predict in advance the location of the best SN candidate(s) for each month. The Telescope Time Review Board approved our request to change our observations to Targets of Opportunity (ToO), which allowed us to pick the best SN candidate, regardless of position.
After spectroscopically observing our candidates and confirming their identity as SNe Ia at a desirable redshift, selected objects were sent to HST for observation. The process of discovery, spectroscopic analysis, and notification to STScI of the ToO targets creates an unavoidable time gap of about 10-12 days between the discovery and the first HST observations. Typically, the discovery epoch of a high-z SN is a few days before maximum brightness, and although the time dilation factor of (1 þ z) works to lessen the delay in the rest frame, none of our HST light curves begin until past maximum light. We observed SN 2001hu, SN 2001jf, and SN 2001jh , with relevant information given in Table 9 .
Each SN observational epoch consisted of approximately three to five orbits. The data were combined using the drizzle procedure outlined by Koekemoer et al. (2002) . 22 Determining accurate photometry from the WFPC2 images requires properly correcting for various CCD and optical effects, most importantly the nonunity charge transfer efficiency (CTE). We followed the procedure outlined by Dolphin (2000) in order to measure reliable PSF-fitting photometry. Along with the magnitude of the SN, a few nearby stars were measured with the same photometric method. There were five epochs for SN 2001jh and six each for SN 2001hu and SN 2001jf, so the same stars were measured several times with consistent results.
We also obtained ACS images well after the completion of the survey to serve as templates in order to subtract in the same manner as for the ground-based observations. These subtractions were not done using the N ðN À 1Þ=2 method but rather used the classic single-template method. This was done for the sake of simplicity but should be acceptable since none of the problems associated with the single-template method are an issue (poor seeing, S/ N, or timing of the template).
DISTANCE DETERMINATION
The Multiwavelength Light-Curve Shape Method
In order to use these SNe Ia for cosmological analysis, we created a new version of the Multiwavelength Light-Curve Shape (MLCS) analysis method (see Riess, Press, & Kirshner 1996, hereafter RPK96; Jha 2002 ). This new implementation was developed in consultation with authors of previous versions of the MLCS fitting code and features few substantial changes from them. The MLCS method simultaneously fits for distance modulus (mÀM ), A V , and Á, a parameter defined by the difference in absolute magnitude between a given SN and a fiducial SN Ia. This Á parameter therefore describes the shape of the SN light curve, since there is a correlation between absolute magnitude and light-curve shape (see Phillips 1993) .
We first constructed MLCS templates through iteratively fitting a sample of 32 low-z SNe Ia taken from the Calán/ Tololo survey (Hamuy et al. 1996) , as well as from Riess et al. (1999a) and Jha (2002) . At the end of this training process the fits to these 32 SNe Ia produced a scatter of 0.14 mag around the Hubble diagram.
K-corrections were calculated using the formulae described in Kim, Goobar, & Perlmutter (1996) and Schmidt et al. (1998) , using a set of 135 SN Ia spectra ranging from 14 days before maximum light to 92 days after maximum light. As described by Nugent, Kim, & Perlmutter (2002) , as well as Germany et al. (2004) , before applying the K-correction formulae, the SN Ia spectra are first matched to the BÀV color of the MLCS template by applying the Savage & Mathis (1979) reddening law. The Schlegel, Finkbeiner, & Davis (1998, hereafter SFD98) Galactic extinction is applied to the SN Ia spectra set, and the spectra are then stretched by the appropriate factor of (1 þ z). These modified spectra are used to calculate the K-correction, providing a series of K-correction estimates as a function of SN age, which is fitted with a three-knot spline. The resulting K-corrections are interpolated from this spline, and the uncertainty in the K-corrections is estimated from the scatter about the fitted relationship. These K-corrections are then used to fit the best template (which has its own BÀV evolution based on its intrinsic color and fitted extinction), with this new BÀV evolution used in place of the MLCS template and the subsequent steps repeated until convergence is reached. Typically, this iterative process changes the K-corrections by less than 0.03 mag.
Calculating proper K-corrections depends on knowing the shape of the light curve (i.e., the MLCS Á parameter), as well as the reddening of the SN spectrum (A V ). Thus, in the fitting procedure we were forced to select given input values for Á and A V , determine the necessary K-corrections for such a lightcurve shape, and then fit for the best output set of parameters. If the best-fit values of Á and A V were equal to the input values (a rigid constraint of within 0.01 for each parameter was used), then the solution was deemed acceptable. During the fit procedure, the constraint that A V > 0 was applied, rather than allowing for a solution with negative extinction. This eliminates the need to apply a Bayesian prior after the fact (as done by RPK96), which affects A V while leaving untouched the other, correlated, parameters (mÀM ) and Á. Table 8 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion is shown here for guidance regarding its form and content.
a Magnitudes may be calculated from all flux values by mag ¼ À2:5 log ðCuxÞ þ 25:0. b Magnitude uncertainties may be calculated from all flux uncertainties by ðmagÞ ¼ 2:5 log ð1 þ ðCuxÞ=CuxÞ.
For each MLCS run on an SN, the appropriate SFD98 Galactic extinction is applied to the light curve (for the Z filter used here, we calculated a value of A/E BÀV of 1.520 following the description from SFD98), the points are shifted so that t ¼ 0 at t ¼ t 0 , and the time dilation factor of (1 þ z) is applied. For high-redshift objects (z > 0:7), we K-corrected I band to B, and Z to V, to match with the filters we had used to train the MLCS method. For SN 2001hu, SN 2001jf , and SN 2001jh we also K-corrected F850LP to V. For low-redshift objects (z < 0:7) we shifted R and I bands to B and V, respectively. Tables 8 and 9 include K-correction values for the filters used in MLCS fitting. Our MLCS templates extended from 10 days prior to maximum light in the rest frame to 40 days postmaximum. The reason for this late-time cutoff was that the templates were created with this survey in mind and so were tailored for SNe Ia at z % 1:0, which will fade from visibility by this point in the light curve, rather than for lower redshift objects, which will still be visible. The early-time cutoff is due to the paucity of low-z SN observations at earlier epochs for constructing MLCS templates. However, we have extended our fits to earlier times using a prescription similar to that of Riess et al. (1999b) , with a slight modification to account for zero-point differences. This extension allows us to take advantage of the unprecedented number of very early light-curve points provided by the continuous nature of the survey.
The use of the N ðN À 1Þ=2 method for producing light curves did lead to some complications in the light-curve analysis due to the ambiguity concerning the flux zero point. The proper way to account for this is to recognize that the flux zero point is in fact a free parameter and fit for it accordingly. Thus, our MLCS code, in addition to fitting for the time of maximum t 0 (externally, through iteration), distance modulus (mÀM ), extinction A V , and MLCS delta parameter Á (constrained to lie between À0:6 < Á < þ0:6), also fits for offsets in each filter, B and V . These offsets are done in flux, not magnitude, since these are flux differences rather than a multiplicative factor.
A further constraint was placed on satisfactory values of B and V . We can ascertain that our zero points are roughly reliable, since our time baseline is long enough that, in practice, there is always an observation with little or no SN flux.
Because of our confidence in the general accuracy of our flux zero point, we only accept solutions with small values for B and V . In addition, for SN 2001hu, SN 2001jf, and SN 2001jh, we did not fit for a flux offset for the F850LP points, as these magnitudes were calculated using the single-template method.
Best-fit MLCS parameters (mÀM, A V , Á) for the IfA Deep Survey SNe Ia are given in Table 10 . Table 8 includes the values for time relative to B-band maximum in the SN rest frame for every observation. Uncertainties in the parameters (mÀM, A V , Á) were calculated in the same way as given in RPK96. Light curves with MLCS fits are shown in Figure 8 for the nine spectroscopically confirmed SNe Ia and in Figure 9 for the 14 additional SNe Ia. In these figures, we have plotted the flux values for all SNe scaled so that mag ¼ 25 corresponds to a value of Cux ¼ 1.
We have also included in Table 10 the 2 /N values for the MLCS fits for all 23 SNe. The fits are quite good for all of the SNe Ia, both spectroscopically confirmed with SNID and otherwise. These 2 /N values for the 14 likely SNe Ia lend further confidence to their identification as SNe Ia and inclusion in our sample.
Additional Fitting Methods
In addition to MLCS fits, we also analyzed the SN Ia light curves with the Bayesian Adapted Template Match (BATM) method (J. L. Tonry 2004, in preparation) and dm15 (Germany 2001) . BATM uses a set of approximately 20 wellobserved nearby SN light curves in combination with $100 observed spectral energy distributions (SEDs) in an attempt to span the expected behavior of SNe Ia. For all pairs of light curve and SED, BATM calculates likelihoods as a function of distance d, extinction A V , and time of explosion t 0 , further marginalizing over t 0 and applying a prior on A V as described by Tonry et al. (2003) , in order to measure d and A V . The dm15 method is a modification of the Ám 15 method of Phillips et al. (1999) , which utilizes the facts that the decline in magnitudes of SNe Ia in the first 15 days after B-band maximum light correlates with luminosity and that the latetime color curves of all unreddened SNe Ia are uniform, regardless of decline rate (Lira 1995 ; however, the peculiar SN Ia 2002cx [Li et al. 2001] does not follow the standard Lira relation). In the dm15 method, a set of 15 template light curves of nearby SNe Ia is used to measure distance d, marginalizing over t 0 and A V for each template with an acceptable fit.
Results of light-curve fits for the IfA Deep Survey SNe Ia from each of these two methods are given in Table 11 (the dm15 method was not used for SNe at z > 0:8 because of the lack of observed filters to match its templates). The three methods are all quite consistent with each other, with scatter between each pair of methods of $ 0.1 mag. We have also combined all our measurements into a single value for distance in the same manner as Tonry et al. (2003) . Zero-point differences between each method were computed by comparing common SN measurements, distances placed on a Hubble flow zero point (dH 0 ), and the median selected as the best distance estimate. Uncertainty in the distance estimate was taken from the median of the error estimates from the individual methods, scaled down by the 1 4 power of the number of contributors. As described by Tonry et al. (2003) , this median procedure is not expected to significantly improve the accuracy of the final estimate, but ideally it will result in a more Gaussian-like distribution. SN properties derived by combining results from all the methods are included in Table 12 in a form designed to be similar to those given by the summation of Tonry et al. (2003) .
6. COSMOLOGY WITH IFA DEEP SURVEY SUPERNOVA Tonry et al. (2003) collected redshifts and distances for all published SNe Ia at cosmological distances. Whenever possible, they also performed various light-curve fits to the published photometry in order to place as many as possible on a common system. They present redshift and luminosity distance for a total of 230 SNe Ia. However, this includes many objects that may be unsuitable for cosmological analysis, particularly those that are heavily extinguished or are nearby enough for velocity uncertainties to be a major problem.
The results from the distance fits from the previous section are illustrated on a Hubble diagram in Figure 10 , which includes all of our SNe Ia, as well as those from Tonry et al. (2003) . These figures show the result of subtracting the distance modulus predicted from an ''empty universe,'' i.e., a cosmology with ð M ; Ã Þ ¼ ð0:0; 0:0Þ, from that measured for each SN. Although the distances given in Tables 10 and 11 are in the form of (mÀM ) for the sake of familiarity, to construct the figures we only need use the values from Table 12 , which have no dependence on H 0 . Immediately obvious on the plot is the large number of literature points at z % 0:5 with a positive deviation, which is the signature of an accelerating universe and a cosmological constant-like term. SN surveys targeting z % 0:5 were well placed to detect the presence of Ã . A survey for SNe at z ¼ 1:0, on the other hand, is designed to target the redshift region where the deviation between an Ã -dominated universe and a systematic effect proportional to redshift is large. This was the goal of the IfA Deep Survey, although it turned out that we discovered SNe over a fairly large range in redshift, as well as many fewer than expected at z % 1, as discussed in x 4.4. Nevertheless, the number of z ! 0:7 SNe (15; see Table 12 ) that the IfA Deep Survey has added to what was heretofore an extremely sparse region of redshift space is still substantial, doubling previously published results (12 from the collection presented by Tonry et al. 2003 , plus three from Knop et al. 2003 that are not included in this analysis).
We have also taken medians by redshift bins in order to better illustrate the overall trend with redshift, using the subset (Freedman et al. 2001 ). b Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for identification as an SN Ia at the host galaxy redshift.
c Three SNe for which there is clear spectral identification as an SN Ia, but no host galaxy emission with which to confirm the redshift.
d Nine SNe for which there is unambiguous spectral confirmation as an SN Ia at the host galaxy redshift.
of 200 literature SNe with A V 0:5 plus 22 from this survey and requiring that bins must have a width of at least 0.25 in log z and contain at least 20 SNe. Results are shown in Figure 11 . Our new SNe have continued to fill in the highest redshift bins and show an even more rapid and sharp turnover than was observed by Tonry et al. (2003) . The median magnitude deviation relative to an empty universe for the highest z bin, calculated as 0.00 mag in Tonry et al. (2003) for 12 objects centered at z ¼ 0:87, is now À0.07 mag for 20 objects centered at z ¼ 0:89, while the uncertainty in this bin, estimated by the 68% scatter of points in the bin, is 0.07 mag compared to 0.08 mag from the Tonry et al. (2003) sample. These changes are due to the fact that the SNe at z > 0:85, which are predominantly from this survey, are overwhelmingly brighter than the empty-universe cosmology, compared to those at slightly lower redshift, which tend to be fainter than this model. Although the region at z % 1 is still underpopulated, it is becoming more and more apparent from the sample presented here that the trend of the population of SNe Ia at z > 0:5 is more consistent with the turnover predicted by an Ã -dominated cosmology rather than a systematic effect that increases with redshift (see Fig. 11 ).
Cosmological Density Parameter Determination
We now turn to determination of cosmological density parameters from the SN data. We wish to calculate 2 as a function of the parameters (H 0 , M , Ã ). Since we have SN Ia distances over a wide range of redshift, we are able to marginalize over H 0 and concentrate solely on the parameters. H 0 appears as a quadratic term in 2 , as shown below, so it appears as a separable Gaussian factor in the probability to be marginalized over, and doing so over H 0 is equivalent to evaluating 2 at its minimum with respect to H 0 .
The distance modulus for the observations can be rewritten as
For a given cosmology, the luminosity distance can be expressed as
Therefore,
where the Hubble parameter H 0;2 used for calculating the model is not necessarily equal to that used for the observational data (H 0;1 ). This would not be by choice but rather reflects the fact that the distances presented by Tonry et al. (2003) , which are tied to the Hubble flow, are related to the ''true'' H 0 only by a fit parameter and therefore any new fit of distance must revisit this parameter, necessitating marginalization over H 0 . (Freedman et al. 2001 ). b Eleven SNe for which there is substantial photometric evidence, but not unambiguous spectral confirmation, for identification as an SN Ia at the host galaxy redshift.
c Three SNe for which there is clear spectral identification as an SN Ia, but no host galaxy emission with which to confirm the redshift. d Nine SNe for which there is unambiguous spectral confirmation as an SN Ia at the host galaxy redshift. ; where, as in Tonry et al. (2003) , we also add a 500 km s À1 uncertainty in quadrature to the redshift errors given therein to account for uncertainties due to peculiar motions. For any cosmology ( M , Ã ; z), f is a given, and the ratio H 0;2 =H 0;1 is an unknown parameter on which 2 depends. The minimum value of 2 occurs where this parameter has the value log H 0;2
We then convert to a probability value proportional to exp ðÀ0:5 2 Þ, with 2 evaluated at this minimum, which allows us to determine contours of constant probability density for ( m , Ã ).
We can now add our new high-redshift SNe to the previously published SNe and investigate the implications for cosmology. For determination of cosmological parameters, Tonry et al. (2003) used cutoffs of z > 0:01 and A V 0:5, and we have chosen to adopt the same restrictions, leaving a sample of 172 objects. A first test is to calculate cosmological parameter bestfit regions using only the IfA Deep Survey SNe. The low-z data set is crucial to constrain the Hubble constant, so we include objects with z 0:30, but no objects at higher redshift save the 22 IfA Deep Survey SNe with A V 0:5 (eliminating SN 2001jn, as seen by Table 12 ). This reduces the sample size to 98 from the compilation by Tonry et al. (2003) and 22 from this study, for a total of 120 objects. With these 120 SNe Ia, we obtain a best-fit value of 2 ¼ 97:7 at ð m ; Ã Þ ¼ ð0:27; 0:36Þ. Corresponding probability contours derived from this sample are shown in Figure 12a . The best-fit value with total ¼ 1:0 (consistent with measurements of the cosmic microwave background [CMB] ; see below) is ð m ; Ã Þ ¼ ð0:42; 0:58Þ. If we further restrict our high-z sample to only those nine SNe Ia for which we obtained unambiguous spectral SN Ia confirmation, for a total set of 107, the minimum value of 2 ¼ 85:2 occurs at ð m ; Ã Þ ¼ ð0:09; 0:15Þ (see Fig. 12b ). The fact that 2 /N is much less than 1 is due to the 98 SNe Ia at z 0:30, whose contribution to 2 for an empty universe is 77.3. The nine IfA Deep Survey SNe identified as SNe Ia by SNID contribute approximately eight units of 2 , with the additional 13 SNe Ia contributing approximately 12 units, indicating both that there is no sign of a difference in the distributions of the two subsamples, as might be feared if there were incorrectly identified SNe Ia in the latter, and that our distance uncertainties are reasonable.
The fact that the IfA Deep Survey SNe agree well with an empty-universe cosmology is to be expected based on their redshift distribution. As is seen by the models plotted in Figure 10 , in the redshift range z ¼ 0:8 1:0 the difference between an Ã -dominated universe and an empty universe is decreasing, meaning that there is little power to differentiate between these models from such SNe.
Adding our 22 SNe Ia to the full Tonry et al. (2003) data set of 172 objects and following the same procedure, we obtain the contours shown in Figure 12c . The best-fit value is 2 ¼ 195:5 at ð m ; Ã Þ ¼ ð0:71; 1:28Þ. These contours are quite similar to those obtained by Tonry et al. (2003) , who found a best fit at ð m ; Ã Þ ¼ ð0:69; 1:34Þ, which is to be expected since the new data are statistically compatible with the Tonry et al. (2003) set. If we add the constraint that total ¼ 1:0, we obtain a best fit at ð m ; Ã Þ ¼ ð0:33; 0:67Þ. It is interesting to note, as did Tonry et al. (2003) , that the SN results intersect the line total ¼ 1:0 at the point that is also consistent with constraints from the Two Degree Field (2dF) survey of M h ¼ 0:20 AE 0:03.
The best-fit value for the sample of 194 SNe Ia, however, is far from the total ¼ 1:0 line, although it is consistent with such values. The IfA Deep Survey SN contours, while larger as a result of smaller sample size, are centered closer to this line. The majority of objects at z % 0:5 lie above the ð m ; Ã Þ ¼ ð0:3; 0:7Þ model, pushing Ã higher, while those at z > 0:7 mostly lie below the line, which pushes M higher in order to compensate, moving the contours into the region seen in Figure 12c . The reason can be seen from the median values given in Figure 11 , where the population of SNe at z % 0:4 0:6 becomes fainter than those at lower redshift, only to have an extreme drop again for the highest redshift bin. These subsamples are drawn from many different sources, and within any previous study there was often a very heterogeneous mix of observations. For example, the light curves presented by Tonry et al. (2003) were obtained on as many as six different telescope/instrument combinations, even within a single filter, introducing many possibilities for photometric errors. By contrast, the uniformity of the observations and reductions of the IfA Deep Survey should minimize such possible sources of bias, while still subject to systematic errors such as uncertainties in K-corrections. Another possible source of systematic errors involves our dependence on the Z filter, whose photometry is ill defined compared to other filters.
We can also explore the possible effects of gravitational lensing on our results. In order to do so, we perform the above calculations with Dyer-Roeder (DR) distance formulae (Fukugita et al. 1992 ; see also Dyer & Roeder 1972 , 1973 , which allow for the fact that the space through which light is propagating is inhomogeneous. In the above calculations, we have used the standard Robertson-Walker metric, which treats the distribution of material in the universe as being completely smooth. Depending on the true distribution, this may introduce errors in our cosmological parameter determination, as demonstrated by Kantowski (1998) . An alternative model to consider is one in which light from the SNe travels along a path entirely devoid of matter, hence the term ''empty beam,'' in contrast to ''filled beam'' for the standard model. There are also intermediate possibilities to consider, although we limit ourselves to the empty-beam alternative.
As shown by Holz (1998) , an empty-beam model tends toward higher values of m and lower values of Ã . The likelihood contours also become greatly elongated, particularly toward higher values of m . This effect is seen in the comparison of our contours from Figure 12c and those from an empty-beam calculation, shown in Figure 12d . Although these contours extend to extremely large values of ( m , Ã ), it is clear that adopting the empty-beam model still requires a nonzero value of Ã .
However, there is also the potential for magnification due to gravitational lensing to affect our results. The probability for significant magnification of sources at z % 1 is low (see Barber et al. 2000) , but when combined with potential systematic effects, such as a selection bias for such brightened objects, it could become important and partially account for the distribution of our z > 0:8 SNe Ia, which lie brighter than the favored ð m ; Ã Þ ¼ ð0:3; 0:7Þ model.
Comparison with WMAP
Recent results from high angular resolution observations of the CMB with the Wilkinson Microwave Anisotropy Probe (WMAP; Spergel et al. 2003 ) have produced extremely tight regions of acceptable cosmological parameters that we can compare with our derived values. They find that the universe is consistent with being flat ( total ¼ 1:02 AE 0:02). All plots in Figure 12 indicate the line total ¼ 1:0. As was noted in the previous section, the 1 uncertainties for the full set of 194 SNe Ia no longer overlap with this line. The contours from the IfA Deep Survey are larger, since they are based on a smaller sample, but are centered at values in better agreement with those preferred by the CMB. As mentioned above, it is expected that the best-fit contours for our SNe should lie closer than the full literature sample to an empty-universe model, based on redshift distribution, although the improved agreement with the CMB may also be due to the homogeneous nature of our sample minimizing systematic effects, which would bode well for future large-scale surveys that will have similar (although much larger) data sets.
CONCLUSION
We have described in detail the observational strategy and data reduction of the IfA Deep Survey as undertaken by a collaboration of IfA astronomers in late 2001 and early 2002, as well as the SN search component carried out by the High-z Supernova Search Team. This survey has already served as an unprecedented photometric data set for continuous detection and follow-up of high-redshift SNe, of which over 100 candidates were discovered (Barris et al. 2001a (Barris et al. , 2001b (Barris et al. , 2001c (Barris et al. , 2001d (Barris et al. , 2002c , including the 23 SNe presented here. Preliminary analysis of survey data has also already yielded numerous substellar objects (Liu et al. 2002; Graham 2002; E. L. Martín et al. 2004, in preparation) , indicating that large numbers of such objects will be discovered with more detailed inspection of the data. Similarly, the photometric data set produced by this survey has great promise for many areas of research such as AGN studies, galactic structure, and galaxy clustering. The survey also anticipates even more ambitious future projects that will repeatedly image large patches of sky over extended periods of time, such as PanSTARRS, LSST, and the proposed SNAP.
These 23 SNe include 15 that double the previously published sample size of z > 0:7 SNe. This region of redshift space is extremely important for distinguishing between systematic effects and cosmological evolution. These SNe, in combination with the published body of SNe Ia, do not show evidence for continuing to grow ever fainter at higher values of z, as would be expected by a systematic effect proportional to redshift (see Figs. 10 and 11) . We have performed cosmological density parameter fits using different subsets of the 23 SNe: the sample of nine objects that are unambiguously spectroscopically identified as SNe Ia, and the sample of 22 that have A V 0:5 (see Table 12 ). Both samples are consistent with the geometrically flat universe preferred by studies of the CMB (Fig. 12) . With the constraint of total ¼ 1:0, we obtain a best fit at ð m ; Ã Þ ¼ ð0:33; 0:67Þ using our set of 22 and the literature collection presented by Tonry et al. (2003) . Future studies that will produce similarly homogeneous data sets on an even larger scale may continue to show better agreement with the CMB and other constraints on cosmological density parameters, as our subsample does compared to the full literature sample.
Our yield, although impressive, was smaller than anticipated, demonstrating the difficulty of successfully finding SNe Ia at z % 1 and higher from the ground, even with a well-planned and executed survey using some of the world's largest telescopes. Spectroscopic resources, in particular, continue to be a strongly limiting factor for such SN surveys. To collect much larger numbers of these SNe in a reasonable time period will certainly require leaving behind operations from the ground.
